ABSTRACT: The present study was undertaken to assess the relevance of increasing the daily provision of dietary vitamins on vitamin metabolic status and semen characteristics of boars under controlled and commercial conditions as well as to evaluate the efficiency of this vitamin supplement to allow boars to cope with intensive semen collection frequency. In the first experiment, 39 boars were allocated to 2 dietary treatments, a basal diet (control) and the basal diet supplemented with extra fat-and water-soluble vitamins (Vit). Within each treatment, boars were submitted to 2 regimens of semen collection frequency: 3 times per 2 wk (3/2) and 3 times per week (3/1) over a 12-wk period. Afterwards, all boars were intensively collected (daily) for 2 wk. A resting period of 4 wk followed, and all boars were collected 2 times per week. Thereafter, collection frequencies were reversed, and the same procedure was followed until the end of the intensive collection period. A second experiment was conducted in commercial conditions at a commercial stud, and 252 boars were randomly allocated to the control and Vit dietary treatments. All boars were collected 2 times per week over a 6-mo period. Classical measurements of ejaculate and sperm quality were assessed, and blood samples were collected throughout both experiments to quantify vitamin concentrations. In the first experiment, vitamin concentrations in blood and seminal plasma increased in Vit boars (P < 0.05); however, vitamin concentrations were not affected by collection frequency (P > 0.14). The Vit supplement did not affect sperm production or sperm quality (P > 0.28), although semen volume increased during the 12-wk periods for Vit boars (P < 0.05). The 3/1 boars produced fewer doses per ejaculate than 3/2 boars (P < 0.01); however, the cumulative sperm production for the 12-wk periods increased by 19% in 3/1 boars compared with 3/2 boars. In the second experiment, blood plasma concentrations of vitamin B 9 were greater (P < 0.01) in Vit than control boars. The vitamin supplement did not increase sperm production of boars (P > 0.61). In conclusion, dietary supplements of fat-and water-soluble vitamins increase the amount of vitamins available for the animal, and the collection frequencies had no effect on vitamin status. Moreover, in spite of an effect on the ejaculate volume, the dietary supplement of extra vitamins had no effect on sperm production or quality.
INTRODUCTION
A major goal of commercial AI centers is to produce large quantities of semen of the greatest possible quality in an efficient period of time. Many factors influence the production and quality of semen such as breed (Kennedy and Wilkins, 1984; Ciereszko et al., 2000; Park and Yi, 2002) , age (Kennedy and Wilkins, 1984; Levis, 1997) , collection frequency (Swierstra and Dyck, 1976) , season (McNitt and First, 1970; Swierstra, 1970; Trudeau and Sanford, 1986; Ciereszko et al., 2000; Park and Yi, 2002) , and nutrition (Louis et al., 1994; MarinGuzman et al., 1997; Audet et al., 2004) . A better un-derstanding of the effects of these factors may improve the efficiency of AI centers.
In many species, dietary supplementation of extra vitamins leads to increased semen quality, quantity, or both (El-Darawany, 1999; Franchini et al., 2001; Yousef et al., 2003) . In boars, a diet supplemented with selenium and vitamin E improved sperm quality (MarinGuzman et al., 1997) . Moreover, Brezinska-Slebodzinska et al. (1995) observed that extra vitamin E increased the concentration of spermatozoa in boar semen, and Audet et al. (2004) reported that extra water-and fatsoluble vitamins increased semen production during intensive semen collection.
A collection frequency of 2 to 3 times per week appears to be the most suitable frequency for boars, taking all factors into account (Frangez et al., 2005) . The effect of collection frequency on semen quantity and quality, however, differs considerably among studies. It has been shown that greater collection frequencies are generally detrimental for boar semen quality (Frangez et al., 2005) .
The present study was undertaken to assess the relevance of increasing the daily provision of dietary vitamins on vitamin metabolic status and semen characteristics of boars under controlled and commercial conditions as well as to evaluate the efficiency of this vitamin supplement to allow boars to cope with intensive semen collection frequency.
MATERIALS AND METHODS
All animals were used and cared for in accordance with Canadian Council on Animal Care Guidelines (1993) .
Two experiments were carried out to test the hypothesis. Experiment 1 was intensive, focusing mainly on metabolic aspects related to treatments, and was conducted at the Research Centre of Lennoxville. Experiment 2 took place in commercial conditions at the Centre d'Insémination du Québec (CIPQ Inc., St-Lambert, Québec, Canada) , with a large number of animals.
Exp. 1
Animals and Treatments. Fifty Duroc boars were selected at (mean ± SEM) 209.2 ± 2.79 d of age. The boars were housed individually in pens on semislatted floors. The average BW was 136.4 ± 1.70 kg at the initiation of treatments and 270.3 ± 2.51 kg at the end of the experiment. The boars were distributed randomly, according to their BW and age, to 1 of 2 dietary treatments: 1) basal diet (Table 1) with a vitamin premix providing concentrations corresponding to the industry average according to a survey carried out by BASF (1993) , which exceeded concentrations recommended by the NRC (1998; Table 2 ; control, n = 25) and 2) basal diet supplemented with the control premix and extra fat-soluble and water-soluble vitamins (Vit; Table 2 , n = 25). Premixes were kept at 4°C until the moment they were served to the animals. The daily food allowance for the whole experimental period was 3.0 kg, and the premixes were given as a top-dressing of 50 g. Figure 1 provides an overview of the experimental regimen. The boars were assigned to their dietary treatment after an acclimation period of 2 wk, during which the control diet was fed. Thereafter, they received their dietary treatments until the end of the experiment. During a 3-mo period, boars were trained to mount an artificial sow for semen collection, and those that would not mount by the end of this period were culled. Therefore, 39 boars were finally kept for the experiment and distributed equally between the 2 collection frequencies within each dietary treatment. Boars were collected at an assigned frequency of 3 times per week (3/1, high frequency) or 3 times per 2 wk (3/2, regular frequency) for 12 wk. Afterwards, the animals were submitted to an intensive collection regimen (daily collection for 2 wk) to estimate the basal level of spermatogenesis, followed by a resting period of 4 wk during which the collection frequency was 2 times per week. Subsequently, there was a 12-wk period during which the collection frequencies high (3/1) and regular (3/2) were reversed with relation to the first 12 wk period and then, again, an intensive collection regimen followed (daily collection for 2 wk). Semen was collected using the gloved hand technique. The collected semen was strained through sterile gauze in a prewarmed insulated container kept at 37°C to remove gelatinous material. Semen was weighed (±1 mg), and the sperm concentration was estimated using a spectrophotometer (Novaspec II, Pharmacia Biotech, Cambridge, UK) precalibrated with a hemocytometer (Young et al., 1960) . Each semen sample was diluted The calculated composition for ME, CP, lysine, Ca, and P of the basal diet were (as-fed basis) 2,810 kcal/kg, 15.9, 0.96, 0.81, and 0.79%, respectively.
to a final concentration of 3 × 10 9 spermatozoa per dose of 85 mL in a commercial extender (BTS extender; Bio'dil, Genes Diffusion, Douai, France).
Sperm morphology was determined on slides stained with eosin-nigrosin containing glucose and TES-Tris (Bamba, 1988) during the 12-wk periods (3 times) and during the intensive collection periods (3 times). Morphology was assessed using a light microscope (400×) by counting 100 sperm in 2 areas of 1 slide per ejaculate. They were classified as normal sperm, abnormal tails, abnormal heads, loose heads, proximal cytoplasmic droplets, and distal cytoplasmic droplets. Sperm motility and progressive motility were performed with a Hamilton Thorn Motility Analyzer, HTM 2000 (Hamilton Thorn Research, Danvers, MA) and was determined on each ejaculate during the 12-wk periods and at 1, 4, 5, 10, and 14 d of intensive collection periods. The following settings were used: frames acquired, 10; frame rate, 30/s min; contrast, 1 min; size, 2 min; lo/ hi size gates, 0.6 to 2.6; lo/hi intensity gates, 0.5 to 2.5; nonmotile head size, 9; nonmotile intensity, 125; medium path velocity value, 20 µm/s; low path velocity value, 5 µm/s; slow cells motile, yes; threshold straightness, 45; temperature, 37.5°C; chamber, microcell 20 µm; phase contrast.
Sampling. Blood samples were taken from a jugular vein by venipuncture throughout the experiment (Figure 1) to measure concentrations of the fat-(vitamin E) and water-soluble (B 2 , B 6 , B 9 , and B 12 ) vitamins included in the dietary supplements. Samples were collected in EDTA-containing tubes (10 mL; Becton Dickinson and Co., Rutherford, NJ), centrifuged for 12 min at 4°C at 1,800 × g, and the plasma was aliquoted and frozen at −20°C for subsequent vitamin analyses. Samples were taken at the beginning of the experiment (before allocation to treatments), before each regular collection period, and before and after each intensive collection period. Seminal plasma and sperm samples were taken at the same time as blood samples except for the first sample because the boars were not yet trained for semen collection. A portion of the undiluted ejaculate was centrifuged for 20 min at 4°C and 1,800 × g. The seminal plasma was aliquoted and frozen at −20°C for vitamin analyses, and the sperm pellet obtained from the centrifugation of 2 mL of semen was resuspended in 500 µL of H 2 O and frozen at −20°C for vitamin E analyses.
Vitamin Measurements. Concentrations of vitamins B 2 , B 6 , B 9 , and B 12 were determined in blood plasma and seminal plasma, whereas vitamin E concentrations were measured in blood plasma and sperm pellets. All vitamins were measured according to Audet et al. (2004) . Vitamin E (α-tocopherol) measurements were validated for the sperm pellets. Instead of 250 µL of blood plasma, 15 µL of 5% BHT were added to the frozen sperm pellet of 2 mL of semen. The validation tests for the measurement of vitamin E in sperm showed intra-and interassay CV of 5.4 and 7.6%, respectively.
Exp. 2
This experiment was done in commercial conditions at CIPQ Inc. (St-Lambert, Québec, Canada). A total of 252 Duroc boars (young and mature) were selected for the experiment; 39 of them were culled mainly because of poor semen quality not attributed to treatments. Boars were distributed randomly, according to their Fifty g of premix were given as top-dressing. Analytical values (means ± SEM) for vitamin E were 687.7 ± 8.5 IU for Vit vs. 116.6 ± 3.6 IU for control; for riboflavin, 96.6 ± 3.5 mg for Vit vs. 10.4 ± 0.25 mg for control; for pyridoxine, 66.2 ± 1.8 mg for Vit vs. 6.4 ± 0.22 mg for control; for folic acid, 35.9 ± 0.94 mg for Vit vs. 4.9 ± 0.29 mg for control; and for vitamin B 12 , 0.39 ± 0.01 mg for Vit vs. 0.04 ± 0.004 mg for control. age and sperm production (mature boars), to 1 of the 2 dietary treatments: 1) basal diet (Table 1 ) with a vitamin premix used by CIPQ Inc. (control, n = 110), and 2) basal diet supplemented with the control premix and Vit corresponding to Exp. 1 (Table 2, n = 103). Of the 213 boars in Exp. 2, 117 were pubertal (8 mo) and 96 were mature (15 to 20 mo). Boars were balanced within dietary treatments along the time of the year. The daily Figure 1 . Outline of experimental design used for Exp. 1. Control = basal diet for mineral and vitamins, and Vit = control supplemented with water-and fat-soluble vitamins.
food allowance for the whole experimental period was 3.0 kg, and the premixes were given as a top-dressing of 50 g. Boars were collected 2 times per week during 6 mo. Sperm concentration, volume, and total number of sperm per ejaculate were recorded as well as the subjective motility classed as 1 to 5, where 5 represented no sperm motility. Three blood samples were collected from 60 boars (15 young-control, 15 mature-control, 15 young-Vit, and 15 mature-Vit) during the experiment (before treatment, at 3 mo, and at the end of the experiment). Blood sampling and preparation of plasma were the same as Exp. 1. Vitamins B 12 and folates were measured according to Audet et al. (2004) .
Statistical Analyses
For Exp. 1, the data were analyzed using the MIXED procedure (SAS Inst., Cary, NC; Littell et al., 1996) according to a 2 × 2 factorial arrangement of treatments with dietary supplements (control and Vit) and semen collection frequencies (3/1 and 3/2) as main effects. The analysis was conducted separately for each period of the experiment: the 12-wk periods, the intensive collection periods, and the rest period.
Vitamins assayed in blood and seminal plasma were analyzed as repeated measurements (means at the initiation and final of each period), and polynomial contrasts were used to evaluate the time effect. Seminal plasma vitamins were expressed as concentration of vitamins per milliliter of seminal plasma. Differences were considered significant at P < 0.05. The boar was considered as the experimental unit. The following model was used: Y ij = µ + B i + F j + (B i × F j ) + e ij , where Y ij = dependent variable, B i = vitamin supplements, F j = collection frequency, B i × F j = interaction between vitamins supplements and collection frequency, and e ij = residual error.
Sperm production and quality were also analyzed as repeated measurements. For sperm production during the 12-wk periods, measurements were pooled in 3 means, each representing an average value for total sperm, concentration, and volume for 1 mo; during the intensive collection periods and the 4-wk rest period, each ejaculate was taken into account in the repeated analysis (respectively, 14 and 7 ejaculates). Sperm morphology was evaluated at the beginning, the middle, and the end of the 12-wk and intensive collection periods. The repeated analysis for sperm motility during the 12-wk periods was done as for sperm production (3 means, 1 per month), whereas during the intensive collection periods, motility was evaluated on d 1, 4, 7, 10, and 14; no sperm morphology or motility measurements were done during the 4-wk rest period.
The data from Exp. 2 were analyzed in the same manner as for Exp. 1 except that it was according to a 2 × 2 factorial arrangement of treatments with dietary supplements (control and Vit) and age of boar (young and mature) as main effects, and only 1 period was taken into account (the 6-mo period). The following model was used: Y ij = F j + (B i × F j ) + e ij , where Y ij = dependent variable, F j = age of boars, B i = vitamin supplements, B i × F j = interaction between vitamin supplements and age of boars, and e ij = residual error.
RESULTS

Exp. 1
Blood Vitamin Status. Blood plasma concentrations of vitamins B 2 , B 6 , B 9 , B 12 , and E were greater (P < 0.05) in Vit than in control boars for all periods of the experiment except for the vitamin B 2 in the rest period (P = 0.17; Table 3 ). Blood plasma concentrations of vitamins were not affected (P > 0.26) by collection frequencies (data not shown). During the intensive collection periods, whatever the treatments, blood plasma concentrations of vitamins B 2 , B 12 , and E decreased (P < 0.03), whereas those of vitamin B 6 increased (P < 0.03). During the rest period, concentrations of vitamins B 6 and B 12 increased (P < 0.05), whereas concentrations of vitamin E further decreased (P < 0.01).
Seminal Plasma and Sperm Vitamin Status. Seminal concentrations of vitamins B 2 , B 9 , and B 12 were greater in Vit boars than in control boars for all periods of the experiment (P < 0.04), except for the seminal concentrations of vitamin B 2 in the rest period (P = 0.12; Table 4 ). The seminal concentration of vitamin B 6 was not affected by dietary treatment (P > 0.29). Seminal concentrations of vitamins B 6 and B 9 decreased during the 12-wk periods for the boars collected 3/1 from 289.2 ± 15.1 to 255.1 ± 15.8 ng/mL and from 2.43 ± 0.22 to 1.81 ± 0.13 ng/mL for B 6 and B 9 , respectively, whereas they were stable for 3/2 boars (283.0 ± 9.6 and 2.30 ± 0.11 ng/mL, respectively, for B 6 and B 9 ; interaction frequency of collection × time, P < 0.01). During the intensive collection periods, concentrations of all vitamins decreased (P < 0.01). Moreover, during the intensive collection periods, there was a residual effect of the previous collection frequency, the concentration of seminal B 9 was greater for boars collected 3/2 than boars collected 3/1 (1.94 ± 0.1 vs. 1.62 ± 0.08 ng/mL, respectively; interaction frequency of collection × time, P < 0.03). During the rest period, no effect of time (P > 0.08) was observed on the concentrations of any vitamin except for vitamin B 9 , which increased (P < 0.01) from 1.39 ± 0.09 to 1.92 ± 0.15 ng/mL. In sperm, vitamin E concentration was greater for Vit than control boars for all periods of the experiment (P < 0.06; Table 4 ). The concentration of vitamin E in the sperm increased from 0.139 ± 0.011 to 0.170 ± 0.015 µg/mL during the 12-wk periods and from 0.055 ± 0.007 to 0.156 ± 0.016 µg/mL during the rest period, but decreased during the intensive collection periods from 0.170 ± 0.015 to 0.0644 ± 0.0075 µg/mL (P < 0.01). During the 12-wk periods, boars collected 3/2 showed an increase of vitamin E in semen from 0.148 ± 0.017 to 0.197 ± 0.023 µg/mL, whereas the semen concentration of vitamin E in sperm was maintained for boars collected 3/1 (0.136 ± 0.011 µg/mL; P < 0.05). During the intensive collection periods, boars that were collected 3/1 had decreased concentrations of vitamin E in semen compared with boars collected 3/2 (0.098 ± 0.012 and 0.138 ± 0.016 µg/mL, respectively; P < 0.04).
Sperm Quality. During the 12-wk periods, no diet or collection frequency effects were observed on the percentages of sperm motility, progressive motility, or morphology (P > 0.51; Table 5 ). The overall means ± SEM were 89.5 ± 0.54% of motile sperm, 84.8 ± 0.27% of sperm with progressive motility, and 83.9 ± 0.85% of sperm with normal morphology. During the intensive collection periods, no diet or residual effects of the collection frequency were observed on quality criteria (P > 0.18; Table 5 ). However, both motility and progressive motility decreased during the intensive collection periods (P < 0.01; Figure 2) . Nevertheless, no effect of time was observed for sperm morphology (P > 0.26).
Sperm Production. There was no diet effect in any period (P > 0.30) for the total number of sperm per ejaculate and sperm concentration (Table 5) . Overall means ± SEM were 4.38 × 10 10 ± 0.09 × 10 10 sperm per ejaculate and 3.11 × 10 8 ± 0.07 × 10 8 sperm per mL. The increase of semen volume for Vit boars during the 12-wk periods (145.1 ± 7.1 mL to 162.9 ± 7 mL) was greater than for the control boars (142.8 ± 7.2 mL to 151.2 ± 6.8 mL; interaction diet × time, P < 0.05).
There was a greater sperm production for 3/2 than 3/1 boars during the 12-wk periods (5.14 × 10 10 ± 0.13 and 3.59 × 10 10 ± 0.08 sperm per ejaculate, respectively; P < 0.05). However, the cumulative sperm production per boar during the 12-wk periods was greater for 3/1 than 3/2 boars (1.291 × 10 12 ± 0.05 × 10 12 and 1.108 × 10 12 ± 0.04 total sperm, respectively; P < 0.01). During the intensive collection periods, sperm production decreased from d 1 to 7 and remained stable thereafter. A residual effect of collection frequency was observed during the first 7 d (interaction collection frequency × time, P < 0.05; Figure 3) ; i.e., the initial decrease in sperm production during the first 4 d for 3/2 boars was greater than for 3/1 boars.
All criteria (sperm production, semen concentration, and volume) increased during the rest period (P < 0.01). In controls, sperm concentration was greater for boars collected 3/2 than 3/1 (3.479 × 10 8 ± 0.16 and 3.009 × 10 8 ± 0.11 sperm per mL, respectively), whereas it was the opposite for Vit boars (2.598 × 10 8 ± 0.09 and 3.343 × 10 8 ± 0.13 sperm per mL, respectively, for 3/2 and 3/1 boars; interaction diet × collection frequency, P < 0.01). Vitamins and collection frequency in boars For sperm production during the 12-wk periods, measurements were pooled in 3 means each representing an average value for total sperm (spz = spermatazoa), concentration, and volume for 1 mo; during the intensive collection periods and the 4-wk rest period, each ejaculate was taken into account in the repeated analysis (respectively, 14 and 7 ejaculates).
3
Interaction diet × time P < 0.05 for the 12-wk periods.
4
Interaction diet × collection frequency P < 0.01 for the 4-wk rest period.
5
Effect of collection frequency P < 0.05 for the 12-wk periods.
6
The repeated analysis for sperm motility and progressive motility during the 12-wk periods was done as for sperm production (3 means), whereas during the intensive collection periods, these criteria were evaluated on d 1, 4, 7, 10, and 14.
Exp. 2
In commercial conditions, blood plasma concentrations of vitamin B 9 were greater (P < 0.01) in Vit than in control boars and particularly for mature boars (interaction diet × age × time, P < 0.03; Table 6 ). The blood plasma concentration of vitamin B 12 was not affected (P > 0.48) by dietary treatment (Table 6 ). There was an age effect (P < 0.05) but no dietary treatment effect for total sperm production, sperm concentration, volume, and quality of motility score (P > 0.61; Table  7 ). No interaction between dietary treatment and season was observed for any criteria measured (P > 0.31).
DISCUSSION
Vitamin Status
Vitamins increased in blood plasma (B 2 , B 6 , B 9 , B 12 , and E) of boars supplemented with extra vitamins, regardless of the collection frequency. Moreover, most of the water-soluble vitamins measured in blood plasma were apparently transferred to seminal plasma, except for vitamin B 6 . In previous experiments, it was also observed that blood plasma concentrations of vitamin B 9 (Wallock et al., 2001; Audet et al., 2004) and vitamin B 12 (Boxmeer et al., 2007) were highly correlated with the concentrations of seminal B 9 and B 12 , respectively. However, in contrast to the present results, blood concentrations of vitamins B 2 in the study of Audet et al. (2004) were not correlated to the seminal concentrations. This discrepancy might be related to an interaction with the genotype because 3 breeds of boars (Yorkshire, Landrace, and Duroc) were used by Audet et al. (2004) . In the present experiment, a direct transfer of vitamin E to spermatozoa was observed in accordance with the report of Marin-Guzman et al. (1997) ; vitamin E was measured in spermatozoa because of its absence in seminal plasma (Marin-Guzman et al., 1997; Audet et al., 2004) .
Seminal concentrations of vitamin B 6 and B 9 and sperm concentrations of vitamin E were less for boars collected 3/1 than 3/2 in the 12-wk periods. Moreover, during the intensive semen collection, all vitamins measured in seminal plasma and sperm decreased. It seems that boars would transfer more vitamins toward sperm as the frequency of ejaculation increases. Nevertheless, the difference between 3/1 and 3/2 boars is likely to be insufficient to affect the overall vitamin requirement of the animal, as indicated by the lack of systemic effect on concentration of those vitamins in the blood.
On a daily basis, taking into account the daily excretion of the vitamins in seminal plasma between the boars collected 3/1 and 3/2, it can be estimated that the daily excretion of the vitamins was 2 times greater for boars collected 3/1 than for boars collected 3/2 (117.9 vs. 63.2 ng/d for folates; 273.8 vs. 162.6 ng/d for B 12 ; 2,066.5 vs. 1,288.0 pg/d for B 2 ; and 15.4 vs. 8.8 µg/d for B 6 ). However, blood plasma concentrations of vitamins were not affected by collection frequencies. This can be attributable to the fact that the amount of vitamins B 2 , B 6 , and folates excreted daily in seminal plasma represents less than 0.3% of the total amount in blood plasma; for vitamin B 12 the corresponding value was 3%. The quantities of vitamins in seminal plasma are, therefore, negligible compared with the quantity of vitamins in blood plasma and are unlikely to affect homeostasis and the daily requirement of these vitamins.
Nevertheless, the case of vitamin B 12 appears peculiar in seminal plasma because the ratio to blood plasma, as shown above, is approximately 10 times greater than for the other vitamins. In humans, it was shown that transcobalamin and haptocorrin (cobalamin binding proteins) are present in normal seminal plasma in concentrations that are 10-to 20-fold greater than in Changes in the total sperm number produced during the intensive collection periods, according to collection frequency treatments and days of collection. Semen collection frequencies of 3/1 and 3/2 refer to boars collected 3 times per 1 wk and 3 times per 2 wk, respectively, during the 12-wk periods. Overall mean ± SEM was 2.24 × 10 10 ± 0.04 × 10 10 total sperm number. Interaction collection frequency × time P < 0.05 for the first 7 d of the intensive collection periods.
blood (Fukuda and Yamada, 1992; Hansen and Nexo, 1992) . Although the presence of these cobalamin binding proteins has not been evaluated in boars, the present accumulation of vitamin B 12 in seminal plasma indicates a functional binding mechanism in this metabolic pool. Vitamin B 12 acts as a coenzyme in several biochemical reactions (McDowell, 2000) ; although its role is not well defined, there is some evidence that it affects sperm variables (Watson, 1962) . In fact, vitamin B 12 deficiency during gestation and lactation affects future male reproductive systems and inhibits the maturation of spermatogenic cells in rats (Watanabe et al., 2003 (Watanabe et al., , 2007 . Vitamin B 12 is therefore an essential constituent for spermatogenesis, and the present dietary provision in control boars was likely sufficient to meet the metabolic needs for reproducing boars.
Sperm Quality
It is generally recognized that boars subjected to a high semen-collection frequency have poor semen quality (Meding, 1975; Swierstra and Dyck, 1976; Cameron, 1985; Schilling and Vengust, 1987; Strzezek et al., 1995) . In the present study, no effects on motility or morphology of sperm were observed between the 3/1 and 3/2 boars during the 12-wk periods. However, during the intensive semen collection periods, when boars were collected daily during 14 d, the motility decreased, but the morphology was not affected. It appears that a chronic increase of collection frequency (3/1 vs. 3/2) was not stressful enough to affect semen quality as it was the case with an acute increase of collection frequency (daily during 14 d).
Although an increase of vitamins was observed in seminal plasma of boars supplemented with high level of vitamins, sperm quality was not influenced by dietary treatments, regardless of the collection frequency. Others (Brezinska-Slebodzinska et al., 1995, in boars; Geva et al., 1996, in humans; Hsu et al., 1998, in rats; and Surai et al., 1998, in cockerels) reported that a supplementation with vitamins E, C, or both reduced the production of reactive oxygen species and improved semen quality. In the present experimental conditions, it seems that concentrations of vitamin E in the control diet were sufficient to maximize sperm quality.
Sperm Production
Collection frequency affected total sperm collected. High semen collection frequency decreased sperm pro- duction per ejaculate, but increased cumulative sperm collected over a period of time. This response was consistent with the results of Strzezek et al. (1995) . Supplements of extra vitamins did not influence sperm production no matter the collection frequency. We previously reported (Audet et al., 2004 ) that dietary supplements of water-soluble vitamins increased semen production during intensive semen collection. Again, as for vitamin status, it cannot be ruled out that the difference with the present experiment can be related to an interaction with genotypes, because 3 different breeds of boars were used by Audet et al. (2004) . Nevertheless, taking into account the number of animals involved (controlled and commercial conditions) and the factorial arrangement of treatments with collection frequencies, the present study can be regarded as more reliable in terms of vitamin homeostasis and its impact on the reproductive performance of boars.
In conclusion, results of the present study indicate that dietary vitamin supplements affect blood and seminal pools of vitamins. Most of the vitamins seem to be transferred from the blood to the seminal plasma. However, in spite of this metabolic transfer, there were no marked treatment effects on sperm production or semen quality. Dietary supplements of water-and fatsoluble vitamins do not appear to be efficient to allow the boar to cope with semen frequencies.
